INTRODUCTION
With excellent survival rates associated with childhood cancer [1] , an increasing number of children are long-term survivors and may be at risk for long-term adverse health effects of their primary cancer and its treatments. Therefore, risk-adapted medical follow-up is recommended for childhood cancer survivors [2, 3] . To inform such follow-up, the Children's Oncology Group (COG) has developed risk-adapted, exposure-based longterm follow-up guidelines [3, 4] , and such follow-up has identified significant chronic health conditions [4] [5] [6] [7] [8] [9] .
It is well established that a subset of survivors of childhood cancer are at risk for decreased bone mineral density (BMD) with studies reporting prevalence rates that range widely from 21% to 65% [4, 6, [10] [11] [12] [13] [14] . Therefore, the COG guidelines recommend a screening DXA scan or quantitative CT 2 years after therapy completion in patients treated with corticosteroids, high dose methotrexate, or stem cell transplant [3, 4] .
The risk for decreased BMD associated with corticosteroid exposure may be further compounded by vitamin D deficiency (VDD) or insufficiency (VDI), a known risk factor for osteopenia and osteoporosis in the general population [15, 16] . VDD is prevalent in survivors of pediatric acute lymphoblastic leukemia [17] , where increased adiposity is also reported [5, 7, 9, [18] [19] [20] and may result in enhanced sequestration of vitamin D in fat [21] .
Therefore, in our institutional cancer survivorship clinic, we initiated screening for VDD in patients treated with corticosteroids as part of their cancer therapy to determine the prevalence of vitamin D abnormalities. Additionally, we compared total 25-hydroxy vitamin D levels (VDL) to a control group of healthy pediatric patients. Furthermore, we examined associations between VDL and known risk factors for VDI/VDD: age, race, season and elevated BMI.
METHODS

Construction of the Cohort
Following Human Subjects Committee approval, a retrospective cohort of all patients with a hematologic malignancy or Langerhans cell histiocytosis (LCH), who were <23 years at diagnosis, treated with at least 28 days of total corticosteroids as part of their chemotherapy regimen, and presented to the Vanderbilt REACH for Survivorship Clinic between February 2008 and September 2011 was constructed (N ¼ 233). Of these patients, 171 (73.4%) successfully underwent screening with a total 25-hydroxy (OH) vitamin D level (VDL; Fig. 1) . A control group of 97 healthy individuals between the ages of 1-21 years was also constructed from the roster of children in the Vanderbilt pediatric endocrinology clinic or Vanderbilt general pediatrics clinic between June 2010 and January 2013 who had blood work obtained for other reasons and VDL were obtained from that blood sample. Patients were excluded from the control group if they had known osteopenia, osteoporosis, osteogenesis imperfecta, previously diagnosed VDI/ VDD, more than two bone fractures during the past year, chronic or current glucocorticoid use, thyrotoxicosis, gastrointestinal disease such as celiac disease causing possible malabsorption, diabetes mellitus, history of or current malignancy, or were of non-weight bearing status.
Background. Corticosteroids increase risk for decreased bone mineral density, which can be worsened by vitamin D insufficiency (VDI) or deficiency (VDD). Procedure. In the Vanderbilt cancer survivorship clinic, we obtained screening total 25-hydroxy vitamin D levels (VDL) in 171 cancer survivors <23 years old who were treated with prolonged corticosteroids for their cancer, and compared this group to a control group of 97 healthy pediatric patients. Results. VDD was diagnosed in 15.8% and VDI in 34.5% of cancer survivors and VDD/VDI combined was associated with body mass index (BMI) >85th percentile (Odds ratio [OR] ¼ 5.4; P < 0.001), older age (OR ¼ 2.2; P ¼ 0.012), non-Caucasian or Hispanic race (OR ¼ 4.5; P ¼ 0.008) and summer versus winter season (OR ¼ 0.12; P < 0.001). In multivariable analysis, VDI/VDD prevalence did not differ from the control group (VDI/VDD (43.3%)). In the combined survivor/control group multivariable analysis, cancer diagnosis did not increase VDI/ VDD risk, but significant associations persisted with elevated BMI (P < 0.001), age (P ¼ 0.004), non-Caucasian or Hispanic race (P < 0.001), and seasonality (P < 0.001). Conclusion. VDD/VDI is equally common in pediatric cancer survivors treated with corticosteroids and healthy children. The impact of VDD/VDI in cancer survivors may be greater due to risk for impaired bone health superimposed on that conferred from corticosteroid exposure. 
Data Collection
Medical Records Abstraction. In the cancer and control groups, retrospective medical record abstraction was conducted for demographics, cancer diagnosis, VDL and season in which VDL was drawn. Cumulative steroid dosing was expressed using prednisone equivalent dosing in mg/m 2 and was converted using the following formula: prednisone dosing in mg/m 2 þ (6.67 Â dexamethasone dosing mg/m 2 ). The season during which vitamin D levels were measured was defined as spring (March-May), summer (June-August), fall (September-November), and winter (December-February).
Anthropometric Evaluation
Height and weight were obtained, and body mass index was calculated based on the following formula: weight (kg)/height 2 (m 2 ). Z-scores for weight, height and BMI were calculated using age and gender-standardized growth population norms (based on the Centers for Disease Control and Prevention's Year 2000 growth charts [22] . BMI >85th percentile adjusted for age and sex was considered overweight [22] .
Laboratory Evaluation
Cancer survivors and control participants provided a blood sample for 25-hydroxyvitamin D, which is the standard indicator of vitamin D status, and levels were measured via liquid chromatography/tandem mass spectrometry (Mayo Medical Laboratories, Rochester, MN). The total 25-hydroxyvitamin D concentrations were calculated by summing the measured values of 25OHD2 and 25OHD3. Intra-and inter-assay coefficients of variation have previously been reported to be <7% [23] . Twenty five-OH vitamin D3 insufficiency (VDI) was defined as a level 20-30 ng/ml and vitamin D deficiency (VDD) as <20 ng/ml [24] [25] [26] .
DXA Scan
To assess impact of VDL on bone health, we evaluated the association of VDI/VDD with decreased BMD as measured by DXA in our cancer survivors.
In a subset of the cancer survivor cohort, total BMD and anterior posterior lumbar spine (L1-L4) BMD were determined by dual energy radiographic absorptiometry (DXA, GE Healthcare, Lunar iDXA, Tube model 40782). Whole body (N ¼ 91) and lumbar spine (N ¼ 88) DXA scans were included for analysis in cancer survivors who met COG guidelines for DXA screening due to corticosteroid exposure and had a VDL measured within two weeks of the DXA scan. Results were expressed as Z-scores for total body BMD and lumbar BMD, which account for age and gender. Osteopenia on DXA scan was defined as Z-score <À1.0 and osteoporosis as a Zscore as a Z-score <À2 [27] [28] [29] .
Statistical Methods
Patient's characteristics were summarized by cohort with median and range for continuous variables. Frequencies and percentages were shown for categorical variables. Associations between potential risk factors and both endpoints VDI and VDD were investigated in the following ways. In the univariate analyses, Wilcoxon Rank-Sum tests or Kruskal-Wallis tests were used for continuous variables, and for categorical variables, Fisher exact tests were used to compare between groups. To assess the correlation between two continues variables, the non-parametric spearman rank correlation was used. To assess the effects of potential risk factors including age, sex, overweight (BMI Z-score >85th percentile), cumulative steroid dose, and blood draw season on VDI/VDD, multivariable logistic regression models were employed. Multiple imputation method was used in all regression models to deal with the missing values presented in the study [30] . The primary analyses were conducted on the cancer survivor cohort. The secondary analyses further included the patients from the control cohort. All statistical inferences were assessed at a twosided 5% significant level and all analyses and graphics were conducted or generated using R version 2.15 statistical software [31] .
RESULTS
Baseline Characteristics
Baseline characteristics of the cancer and control group are reported in Table I . The median age in both the cancer survivorship group and the control group was similar (median: 12.05 and 10.99 years respectively) although the cancer survivors were more likely to be male (56.1% compared with 36.1%, P ¼ 0.002), and Caucasian non-Hispanic (85.4% compared with 69.1%, P < 0.001). The median BMI Z-score of the cancer survivorship group was higher (0.96) than the control group (0.51), (P ¼ 0.011), and there was a trend toward more overweight subjects in the survivorship group (41.8% compared with 29.9%, P ¼ 0.066). Adjustments for these factors were made in the combined multivariable analysis.
The cancer survivorship group was a median of 2.68 years (range 0.03-10.83) off therapy, and the majority of the cohort (70.8%) had a history of leukemia. The median BMI Z-score at the initial survivorship visit was 0.96 (range À2.91 to 3.51) and 41.8% of the cohort was overweight or obese. The median cumulative steroid dose in prednisone equivalents was 7,057 mg/m 2 (range 600-17,524); 8.2% had more limited glucocorticoid exposure due to osteonecrosis during chemotherapy, however this steroid exposure was not statistically different from the group as a whole . Three patients (1.8%) had previously been diagnosed with VDI/VDD while on therapy prior to their survivorship visit. Two of these patients previously received supplementation for low25-hydroxyvitamin D levels which initially corrected the deficiency; however all three again had VDD by the time of the survivorship visit.
Vitamin D levels in Cancer Survivors
Vitamin D abnormalities were present in 50.3% of the cancer survivor cohort; 34.5% had VDI (59/171) and 15.8% had VDD (27/ 171). The median total 25-hydroxyvitamin D level was 29 ng/ml (range 6-82). Total 25-hydroxyvitamin D levels differed significantly depending upon the season of the year they were obtained. The median levels in the spring (27 ng/ml, n ¼ 44) and winter (27 ng/ml, n ¼ 36) were lower than those in the summer (34 ng/ml, n ¼ 50) and fall (30 ng/ml, n ¼ 41; P ¼ 0.004; Fig. 2) .
In univariate analysis, VDI/VDD was significantly associated with Non-Caucasian or Hispanic race (P ¼ 0.008). BMI Z-score as well as overweight status were inversely associated with VDI/VDD (P < 0.001 for both). The patient's age was not significantly associated with VDI/VDD (P ¼ 0.077) but was inversely correlated with total 25-hydroxyvitamin D levels (r ¼ À0.20, P ¼ 0.01). There was no significant correlation between VDD/VDI and cumulative steroid dose in prednisone equivalents, history of osteonecrosis, or days since completion of cancer therapy.
A multivariable regression was performed for patients with VDI/ VDD (Table II) (Table II) .
Vitamin D Levels in the Control Group
The median total 25-hydroxyvitamin D level in the healthy pediatric control group was 31 (7, 73) . Thirty-two percent (31/97) of the patients had VDI and 11.3% (11/97) had VDD, resulting in 43.3% (42/97) with abnormal levels of total 25-hydroxyvitamin D. Non-Caucasian or Hispanic ethnicity was associated with VDI/ VDD (P ¼ 0.014), and there was a trend to an association with VDI/ VDD and increasing age (P ¼ 0.051). BMI in the overweight range was significantly associated with VDD/VDD (P ¼ 0.024), but a significant association with BMI Z-score was not noted (P ¼ 0.17).
Comparison of the Cancer Survivorship and Control Cohorts
There was no significant difference in the prevalence of VDI (P ¼ 0.309) or VDD (P ¼ 0. (Table III) .
Association Between Vitamin D Levels and Bone Mineral Density in Cancer Survivors
There were a total of 91 cancer survivors who had a whole body DXA scan concurrently with a 25-hydroxyvitamin D level. The median whole body DXA scan Z-score was 0.1 (À4.2, 3.6) and was not significantly correlated with 25-hydroxyvitamin D levels (r ¼ 0.10, P ¼ 0.374). Several patients met criteria for osteopenia [15/91 (16.5%)] and for osteoporosis [5/91 (5.5%)]; however, neither osteopenia or osteoporosis was significantly associated with 25-hydroxyvitamin D levels (P ¼ 0.32 and P ¼ 0.41, respectively). There were also 89 patients who had a lumbar spine DXA scan concordant with a 25-hydroxyvitamin D level. Two of these subjects had a history of vertebral compression fractures; however the history was distant to the timing of the DXA in both cases. The median lumbar spine DXA scan Z-score was 0.0 (À4.2, 3.3) and 
DISCUSSION
Patients exposed to prolonged corticosteroids are at risk for decreased BMD, and VDD/VDI can further increase the risk of osteopenia [15, 16, 32] . Therefore, as corticosteroid treatment is integral to some forms of pediatric cancer, it is important to recognize whether pediatric cancer patients with significant corticosteroid treatment have VDI/VDD. Although this has not yet been well-studied, it is generally theorized that Vitamin D sufficiency will benefit bone health [33, 34] , which is already potentially impaired in childhood cancer survivors treated with corticosteroids, methotrexate, and/or stem cell transplant [3, 4] .
VDI/VDD has been previously reported in pediatric cancer survivors, including those treated with prolonged corticosteroids [35] [36] [37] [38] [39] . These studies have identified age or pubertal status, race/ethnicity, diagnosis, malignancy, increased BMI, steroid exposure and seasonality as VDI/VDD risk factors [35] [36] [37] [38] . We have built upon this work by comparing to a population of healthy pediatric patients living in the same geographic area, specifically to demonstrate that VDI/VDD, while highly prevalent among cancer survivors, is not due to cancer history. In contrast, the prevalence of VDI/VDD was similar between cancer survivor and control groups. Furthermore, in our survivor population, interestingly, the VDI/ VDD prevalence was slightly lower than that reported in the general US population (61% VDI; 9% VDD) [24] .
Several studies have recently been published evaluating the risk of VDI or VDD among cancer survivors, with some inconsistencies in results across studies. Sinha et al. compared vitamin D levels between 61 pediatric cancer patients/survivors and 60 matched healthy controls, and contrary to our findings, the authors reported a significant difference in VDD prevalence between patients (13/61, 21.3%) and controls 2/60, 3.3%). The cutoff to define VDD for total 25-hydoxy vitamin D levels was <10 ng/ml, compared to 20 ng/dl in our study. If the VDD cutoff of <10 ng/ml was applied to our study, the VDD prevalence still does not differ between the survivors (3/17; 1.8%) and controls (1/97; 1%). However, our population is different from the study reported by Sinha et al., as our study is limited to off-therapy cancer survivors, compared with 80% still on active therapy in the Sinha study. During therapy, sun exposure may be lower as children spend less time outside, and dietary intake of vitamin D may differ due to therapy effects. Further studies are therefore needed to assess whether severe vitamin D deficiency is prevalent in patients on active therapy but then improves off therapy.
BMI in the overweight range was strongly associated with VDD/ VDI in both our survivor (OR ¼ 5.4) and control group (OR ¼ 2.4). This finding supports the association between obesity and VDI/ VDD reported in the general population [40, 41] and in stem cell transplant survivors [39] . However, these findings are not consistent among studies. We previously did not find an association between VDD/VDI and BMI Z-scores in pediatric ALL survivors, many of whom were pediatric stem cell transplant survivors; this may have been due to a smaller sample size of 78 survivors [37] . In a recent study by Choudhary et al., a relationship between BMI and total 25-hydroxy vitamin D levels was also not noted. However, only 10% were obese. In a study by Rosen et al. [36] in 201 survivors of multiple cancer diagnoses, 37% were overweight, but a relationship between BMI and vitamin D levels was again not demonstrated. In contrast, >40% of our cohort was overweight, and BMI was found to be independently associated with VDD/VDI [40, 41] ; this may be related to our inclusion criteria of prolonged corticosteroid exposure, which is associated with elevated BMI.
Rosen et al. also reported that low 25-hydroxyvitamin D levels are common across different cancer diagnoses, with the lowest levels found in patients treated for osteosarcoma, retinoblastoma, hepatoblastoma, and myeloid leukemias; these are diagnoses in which glucocorticoids are not part of cancer treatment. These subgroups, however, were small (N ¼ 4-13), and there was no comparison with healthy controls. Given our criteria for prolonged corticosteroid exposure for screening, which is unique to hematologic malignancy and LCH, and is most common in ALL, we were unable to demonstrate association with malignancy type. However, we also did not find that history of a cancer diagnosis is a risk factor for VDD/VDI in our combined analysis with healthy controls.
Glucocorticoid use has been linked to the development of vitamin D degradation, although the mechanism for this is not wellunderstood [36] . Robien et al. [39] reported that current prednisone exposure was significantly associated with lower VDL in pediatric and adult transplant patients. Thus, corticosteroid exposure formed the criteria for our screening. However, among those previously treated with corticosteroids, cumulative dose was not found to be a risk factor for VDI/VDD. This may be due to high corticosteroid exposures in all patients. Further study is needed to evaluate the effects of more diverse corticosteroid exposures on vitamin D levels.
Race and ethnicity were strongly related to serum 25-hydroxyvitamin D levels. Hispanic, Asian, or African American race/ethnicity was associated with low total 25-hydroxyvitamin D levels and being Caucasian non-Hispanic was protective against VDI in both the cancer and control groups. These data confirm previous findings that non-Caucasian race/ethnicity is associated with decreased total 25-hydroxyvitamin D levels in pediatric cancer patients [35, 38] . However, race/ethnicity was not significantly associated with risk of VDD in our study. The absence of this effect could be due to a smaller number of patients with VDD; alternatively, race/ethnicity may predispose to mildly low serum 25-hydroxyvitamin D levels, but other factors may be required to cause VDD.
As expected, in our study seasonality also appeared to have an important effect on 25-hydroxyvitamin D levels due to increased UV light availability as well as increased skin exposure in warmer weather. Our findings confirm data reported in pediatric cancer patients [35, 38] and the general pediatric population [42] .
We were unable to demonstrate a relationship between osteopenia on DXA scan and 25-hydroxyvitamin D level using either lumbar spine or whole body DXA. However, as this was a cross-sectional analysis of DXA and patients were still relatively close to end of therapy, longer follow-up may be helpful to see if there is a true association.
We report that increasing age is associated with VDI/VDD in both the cancer and the control group. This is consistent with data from other studies from cancer survivors and the general population Pediatr Blood Cancer DOI 10.1002/pbc and may be related to less physical activity and sun exposure in older children and adolescents [35, 37, 38, 43] . Data on these environmental and lifestyle factors, including diet, were not prospectively collected in our cohort.
In summary, our study confirms that race, overweight BMI, and seasonality are risk factors for VDI/VDD, but a history of leukemia, lymphoma or Langerhan's cell histiocytosis does not appear to increase risk. As our study limited screening to diagnoses with high corticosteroid treatment, it remains unclear whether risk in pediatric cancer survivors treated for solid tumors differs from that of the general population. Another limitation to our study is that we did not systematically collect vitamin D supplementation at time of the survivorship visit. Given that only three patients had previous Vitamin D deficiency, we believe that the lack of significant VDI/VDD in our survivor population was unlikely due to supplementation.
These data support that VDI/VDD is common in the pediatric survivorship population exposed to prolonged corticosteroids, but importantly the prevalence did not differ from a control group of pediatric healthy controls from the same institution and risk factors for VDI/VDD are those seen in the general population. Therefore, one can consider screening as recommended in the general pediatric population where patients with a diagnosis of cancer treated with corticosteroids are not placed in a category of specialized screening [44] . However, as cancer survivors treated with corticosteroids are already at risk for osteopenia/osteoporosis, the negative impact of VDI/VDD may be greater in the cancer survivor population. Additional attention to vitamin D abnormalities in pediatric cancer survivors may maximize bone health. While our study suggested that VDI/VDD are not associated with osteopenia/ osteoporosis, the association has been well-theorized. It is therefore reasonable to include 25-hydroxyvitamin D screening as part of the recommended screening for those who have had exposure to prolonged corticosteroids, particularly those patients who are overweight, older, or non-Caucasian and therefore at highest risk. The impact of screening upon supplementation, dietary and other lifestyle behavioral practices among these survivors should then be evaluated in future studies. As cutoffs for vitamin D sufficiency remain controversial (a lower limit of 20 ng/ml vs. 30 ng/ml 25-hydroxyvitamin D for vitamin D sufficient), future studies should seek to better define whether these differences are clinically significant in pediatric cancer survivors [21] [22] [23] 28, 34] . Additionally, further studies are needed to determine whether vitamin D repletion is associated with improved bone health, as well as the appropriate dosing of vitamin D supplementation required for vitamin D repletion.
